The Integrated Water Flow Model (IWFM), developed by the California Department of Water Resources, is an integrated hydrological model that simulates key flow processes including groundwater flows, streamflow, stream-aquifer interactions, rainfall-runoff and infiltration. It also simulates the agricultural water demand as a function of soil, crop and climatic characteristics, as well as irrigation practices, and allows the user to meet these demands through pumping and stream diversions. This study investigates the modelling performance of the groundwater module of IWFM using several hypothetical test problems that cover a wide range of settings and boundary conditions, by comparing the simulation results with analytical solutions, field and laboratory observations, or with results from MODFLOW outputs. The comparisons demonstrate that IWFM is capable of simulating various hydrological processes reliably.
Introduction
Modelling of the hydrological cycle, involving both surface and subsurface water flows, is essential for water resources planning and management. Refsgaard and Henriksen (2004) pointed out that the trend in recent years to base water management decisions to a larger extent on modelling studies is likely to increase due to the requirements of the EU Water Framework Directive. Integrated hydrological models, such as PRMS (Leavesley et al. 1983) , MIKE SHE (Danish Hydraulic Institute (DHI) 1999), SWATMOD (Sophocleous et al. 1999) , WEHY (Kavvas et al. 2004 (Kavvas et al. , 2006 , GSFLOW (Markstrom et al. 2008) , HYDROGEIOS (Efstratiadis et al. 2008) , HydroGeoSphere (Therrien et al. 2010) , MODFLOW with Farm Process (Schmid et al. 2006) , IWFM (CADWR (California Department of Water Resources) 2015a) and GEOTRANSF (Bellin et al. 2016) have been developed to model hydrological processes incorporating a variety of regulations placed for water distribution and water quality.
Developed by the California Department of Water Resources (CADWR), the Integrated Water Flow Model (IWFM) is a basin-scale, water resources management and planning model that simulates surface and subsurface flow processes, along with the agricultural and urban water demands and the effect of irrigation practices on water resources. The representation of human interventions across the hydrological cycle is a key issue of water resources modelling (Nalbantis et al. 2011 ). Harter and Morel-Seytou X (2013) reviewed HydroGeoSphere, IWFM and MODFLOW, and summarized the conceptual elements of the model codes, their usability and the potential for application to water management in irrigated agricultural groundwater basins. They concluded that IWFM and MODFLOW with Farm Process are particularly well suited for studying water management alternatives in irrigated agricultural groundwater basins. Moreover, they stated that, while HydroGeoSphere is especially well-suited for highly integrated hydrological modelling, involving detailed simulation of rainfall-runoff, infiltration, vadose zone flow, streamflow and groundwater processes, it lacks the management simulation capabilities.
The IWFM is a modular program, in which hydrological simulation components are developed so that they can be used either within IWFM or as standalone components that can easily be linked to other integrated hydrological models. For example, the root-zone component, IWFM Demand Calculator (IDC), either can be used as a standalone irrigation scheduling model at the basin scale, or it can be linked to other integrated hydrological models to dynamically calculate water demands, irrigation return flow, surface runoff, infiltration and groundwater recharge (Dogrul et al. 2011 , CADWR (California Department of Water Resources) 2015b . The governing equations and details of the model features are available from CADWR (California Department of Water Resources) (2015a).
In recent years, IWFM and its hydrological simulation components have been used in several challenging projects.
The C2VSim model ) was developed to simulate the surface and subsurface flow dynamics, agricultural water demands and groundwater pumping (neither regulated nor measured historically) in California's Central Valley. Later, the C2VSim groundwater component was linked to CalSim, a generalized reservoir system analysis model developed for California Central Valley (Draper et al. 2004) , which is used to simulate California State Water Project and Central Valley Project operations (Dogrul et al. 2016) . Coupling both CalSim and C2VSim, Miller et al. (2009) employed drought simulations for the California Central Valley for a set of specified scenarios under constant land use and crop distribution, in order to identify the parts of the basin that exhibit the largest groundwater drawdowns. They showed that in some extreme drought scenarios the regional water tables were unlikely to recover within a 30-year period after the end of the drought. Dale et al. (2013) linked C2VSim and an agricultural production model, i.e. the Central Valley Production Model (CVPM, Hatchett et al. 1997) , to study the effects of droughts considered by Miller et al. (2009) on the crop distribution in California's Central Valley in order to predict the farmers' response to such droughts under economic and water availability constraints. The link between the two models was implemented by emulating CVPM using logit functions within C2VSim. Later, C2VSim was dynamically linked to the Statewide Agricultural Production Model (SWAP), an updated version of CVPM, to study the regional economic and employment impacts of the 2013-2014 extreme drought over California (Howitt et al. 2014) . IWFM was also used in smaller basins in California (e.g. BCDWRC 2004 , BCDWRC 2008a , Oregon (Scherberg et al. 2014) and Idaho (IWRB 2010). These applications represent a variety of uses for IWFM and its hydrological components that include the development of water resources management plans for future conditions, the analysis of the effects of a managed aquifer recharge project on the streamflow, and estimation of water demands under future development and cropping pattern scenarios. Additionally, in 2014, California State Legislature approved the Sustainable Groundwater Management Act (SGMA 2014), which requires local and regional authorities to form Groundwater Sustainability Agencies (GSAs) to develop and implement local Groundwater Sustainability Plans (GSPs). IWFM is a strong candidate as a modelling tool to aid the GSAs in developing their GSPs to comply with SGMA.
The main purpose of this study is to investigate the modelling performance of the groundwater module of the IWFM in several test problems. The ability of IWFM in simulating various hydrological processes under different boundary conditions is evaluated by considering one-and two-dimensional hypothetical example problems. In the above problems, grid refinement effects in IWFM simulations are also investigated. The results of IWFM are compared with analytical solutions, field and/or laboratory observations, as well as results by MODFLOW (Harbaugh and McDonald 1996a) . The outcomes of these theoretical investigations demonstrate some of the IWFM's potential usage and capabilities.
As Refsgaard and Henriksen (2004) stated, insufficient attention is usually given to justifying the mathematical structure of hydrological models. Although models for simulating integrated surface and subsurface flows are being increasingly applied for hydrological prediction and environmental understanding, limited theoretical verification of them through benchmarking applications has been performed (Maxwell et al. 2014) . In this regard, this study also attempts a verification of the groundwater module of IWFM, on the basis of the aforementioned test problems. More detailed discussions on the test problems presented in this paper and additional verification problems can be found in Ercan (2006) .
IWFM model description
The IWFM is a basin-scale integrated hydrological model. It is designed for large, developed river basins that may include urbanized and agricultural areas, as well as undeveloped native and riparian vegetation areas. Its uses range from explaining the historical response of surface and subsurface water resources to historical stresses across the basin to water resources management planning studies under future climate, land-use and agricultural and urban water management scenarios. The simulation time step can range from daily to monthly, depending on the availability of data, while the simulation period can range from one year to several decades.
The hydrological cycle is categorized into several distinct components that are simulated separately but they are dynamically linked to each other through flow exchanges. These components are saturated groundwater, streams, open water bodies (such as lakes), land surface and root zone that implements evapotranspiration processes, and the vadose zone that extends from the bottom of the root zone to the water table.
The three-dimensional (3D) groundwater flow in complex aquifer systems that include multiple confined and unconfined layers is simulated using the Galerkin finite element method. The groundwater simulation component of IWFM also includes the optional simulation of tile drains, and elastic and inelastic subsidence of the aquifer material, groundwater pumping and artificial recharge through injection wells. Input data for simulating the groundwater heads are the following: thickness of aquifer layer, vertical and horizontal saturated hydraulic conductivity, storage coefficient, specific yield, inter-bed thickness, elastic and inelastic storage coefficients, tile drain elevation and conductance of the material surrounding tile drains, and pumping and/or recharge rates.
Streams are represented as linear elements that are superimposed on top of the finite element grid. For large simulation time steps, streamflow is simulated as instantaneous flow, i.e. upstream inflow is assumed to travel through the stream network within a single simulation time step, and thus storage changes along the stream channel are not tracked. In this case, the required inputs at each stream node are stream bed elevation and conductance, the flow-stage rating curves, and the wetted perimeter of the channel. On the other hand, for shorter time steps the model employs a kinematic wave approach, which also requires the channel geometry (triangular, rectangular or trapezoidal) and Manning's roughness coefficient.
Open water bodies such as lakes can cover one or multiple finite element grid cells. Thus one-, two-or three-dimensional flows within lakes are ignored and only the change in the volumetric lake storage is simulated. The input properties of lakes are the bed conductance and the maximum elevation above which lake outflows occur.
Stream-groundwater and lake-groundwater flow exchanges are computed using the Darcy equation along with the head gradient through stream and lake beds. Streams can flow into lakes, or lakes can outflow into streams. Groundwater, stream and lake components are fully integrated in IWFM and solved simultaneously using the Newton-Raphson iterative method. In other words, the discretized conservation equations for groundwater, stream and lake components form a single matrix equation which is solved numerically to calculate the groundwater heads, streamflow and lake surface elevations. The flow exchanges between groundwater, streams and lakes are computed directly through the inversion of the matrix equation.
The land-surface and root-zone component of IWFM includes the simulation of flow processes such as surface runoff, irrigation return flow, infiltration of precipitation and irrigation water, evapotranspiration, and the vertical movement of the soil moisture through the root zone. All these flow terms are computed as functions of land-use areas given for user-specified agricultural crops, urban lands, native and riparian vegetation, soil properties, precipitation and evapotranspiration rates, and farm water management properties such as irrigation efficiencies. For the estimation of surface runoff, the model employs the rainfall-runoff transformation of the SCS curve number method, as modified by Schroeder et al. (1994) to be used for continuous simulation.
The remaining precipitation is assumed to infiltrate into the soil. Return flow from irrigation (calculated as the sum of groundwater pumping and stream diversions delivered to the farms) is calculated as a user-specified fraction of the irrigation water; the rest is considered to infiltrate into the soil. Within the root zone, the moisture flow is simulated as a vertical one-dimensional (1D) flow process using the DarcyBuckingham equation and assuming that the moisture content is distributed uniformly within the root zone:
where q is the deep percolation which is the vertical flux leaving the root zone through its bottom boundary, positively downward [L/T], K u is the unsaturated hydraulic conductivity [L/T], h is the hydraulic head within the root zone [L] , and z is the depth measured downward from the ground surface [L] . The parameter K u is calculated by using either the van Genuchten-Mualem equation (Van Genuchten 1980) :
or the Campbell equation (Campbell 1974) :
where
, λ is the pore size distribution index [-] and m = λ/(λ + 1). While infiltration due to precipitation and irrigation increases the moisture storage within the root zone, evapotranspiration and deep percolation (i.e. moisture leaving the root zone vertically through its bottom boundary) deplete it. The actual evapotranspiration, ET a , is computed as a function of the potential evapotranspiration, ET pot , (specified by the user for each land-use type) and the moisture content within the root zone. Water stress on the plants and consequently decreased ET a if the moisture content falls below half of field capacity are also simulated. The required parameters for land-surface and root-zone flow processes are the soil parameters (wilting point, field capacity, total porosity, pore size distribution index, saturated hydraulic conductivity), areas of simulated land-use types, curve numbers, potential evapotranspiration, plant rooting depths, and irrigation return flow, and re-use fractions, given as a fraction of the total applied water.
Deep percolation leaving the root zone vertically becomes inflow to the vadose zone, which stretches from the bottom of the root zone to the groundwater table. The vadose zone is divided into as many layers as specified by the user. As the groundwater table fluctuates the actual thickness and the number of effective vadose zone layers are changing during the simulation period. The moisture flow within the vadose zone is simulated as 1D flow using the same approach as for the root zone. The only difference is that the evapotranspiration process is not simulated for the vadose zone. Vertical flow leaving the bottom layer of the vadose zone becomes recharge to the saturated groundwater. The required parameters are the number of vadose zone layers to be simulated, the total porosity, the pore size distribution index and the saturated hydraulic conductivity.
All conservation equations solved for the hydrological components represented in IWFM are nonlinear. Therefore, they are solved iteratively using the Newton-Raphson method. At each iteration, the land-surface and root-zone flow processes are first simulated using the groundwater pumping and stream diversions specified by the user as the irrigation water, assuming that streams and the aquifer have enough water to meet these pumping and diversion amounts. Second, the vadose zone processes are simulated with the deep percolation out of the root zone as inflow to the top layer of the vadose zone. Finally, using the pumping and diversion amounts, and recharge to the groundwater computed through the vadose zone component, groundwater, stream and lake components are solved simultaneously. If the solution obtained by the first iteration indicates that the aquifer or streams do not have enough water to meet the user-specified pumping and diversions, they are scaled down accordingly for the next iteration. The system is solved in this manner iteratively until convergence, where not only the state variables (groundwater heads, streamflow, lake elevations, root zone and vadose zone moisture contents) have converged but also the stresses on the aquifer and streams in terms of pumping and diversions have been scaled down in case of water scarcity.
For the inflows over the modelled basin (precipitation, stream and groundwater boundary inflows) and the stresses on the simulated hydrological components (evapotranspiration, groundwater pumping, stream diversions), IWFM simulates where and how fast the water flows across the basin. Descriptive simulations are useful mainly in explaining the historical response of the modelled basin to already known inflows and stresses. Alternatively, IWFM can be used in a prescriptive mode, in which the basin stresses (specifically, groundwater pumping and stream diversions) are computed, as opposed to pre-specified, to meet dynamically computed agricultural and urban water demands. This feature makes IWFM a powerful tool for analysing future scenarios such as climate change and conjunctive use of groundwater and streamflow. The urban water demands in IWFM are computed based on per capita water use and population data specified by the user for each simulated city. On the other hand, the agricultural demands are simulated using irrigation-schedulingtype approaches, as defined by Allen et al. (1998) . According to this approach, an irrigation demand is calculated when the soil moisture in the root zone falls below the moisture content corresponding to the management allowable depletion. The water demand for irrigation is computed as the amount of applied water to raise the soil moisture either to field capacity or to another moisture level specified by the user while meeting the evapotranspiration and covering for losses in terms of deep percolation as well as return flow. Whenever an irrigation demand is calculated for a future scenario, such as climate change, a new land-use distribution or a new farm water management practice (e.g. increased irrigation efficiencies), the automatic supply adjustment feature of IWFM is used to automatically update pumping and diversions to meet dynamically computed irrigation water demands. In this way, the impacts of future scenarios on the surface and subsurface water resources across a river basin can be effectively simulated.
Test problems
The performance of IWFM is investigated in several test problems:
(1) steady-state 1D flow in an unconfined aquifer under different boundary conditions; (2) drawdown in a confined aquifer; (3) groundwater pumping in a leaky aquifer; (4) interactions between groundwater levels in a confined aquifer and water storage in the inter-bed layer; (5) stream-aquifer interactions in a gaining unconfined aquifer; (6) reaction of streamflow to withdrawal and recharge of groundwater through wells, in a cyclic manner; and (7) temporal evaluation of water table position in an unconfined aquifer, adjacent to a surface reservoir.
A summary of the hydrological processes, flow characteristics and boundary conditions utilized in each test problem is shown in Table 1 . Similar problems, such as applications of different boundary conditions, drawdown in a confined aquifer (i.e. the Theis solution), leaky aquifers, and grid and time stepping considerations were formulated by Andersen (1993) , in the context of MODFLOW tests. The Theis solution (Theis 1935, Bedient and Huber 1992) , which is one of the most widely used analytical techniques in hydrogeology, predicts the drawdown in a confined aquifer at any distance from a well at any time since the start of pumping for a given set of aquifer properties. In this problem, the drawdown is investigated at an observation point located 55 m away from the well. Solutions for the quadrant and pie wedge domains are also investigated. In addition, different grid resolutions are formulated for each domain to investigate the grid refinement effects. Because of the symmetry, one can use different radial domains to simulate this problem. The layout of the computational domain is depicted in Figure 1 (a). For the quadrant domain, the centre angle, θ, is 90°and the radius, r, is set to 20 000 m. For the pie wedge domain, θ = 11.45°and r = 20 000 m. Computational grid elements of the quadrant domain for various discretizations of dr and dθ are presented in Figure 1 
The aquifer is assumed to be 100 m thick. Groundwater head of 150 m is assigned at 20 000 m away from the well and the initial groundwater head of 150 m is assumed at all nodes.
The , respectively.
Test problem 3: Groundwater pumping in a leaky aquifer
The transient response of drawdown in a leaky aquifer due to a well with a constant discharge rate is investigated. Leaky aquifers represent a complex problem in well hydrology. When a well located in a leaky aquifer is pumped, the piezometric head in the aquifer is lowered, causing the groundwater in the overlaying aquifer to migrate vertically through the aquitard that separates the two aquifer layers. A schematic description of the groundwater pumping in a leaky aquifer is presented in Figure 2 . In the test problem, a quadrant domain (θ = 90°) with radius r = 20 000 m is used, in which the observation point is set 100 m away from the well (Fig. 2) . The model domain is discretized by the radial increment Δr = 5 m and the angular increment Δθ = 22.5°. The thickness of aquifer A, the thickness of the aquitard and the thickness of aquifer B are taken as 100 m, 50 m and 50 m, respectively. A groundwater head of 150 m is assigned at 20 000 m away from the well for both aquifer layers. The initial groundwater head is assumed to be 150 m. The pumping rate is set to 0.004 m 3 /s (0.001 m 3 /s for the quadrant domain). Finally, the horizontal and vertical hydraulic conductivity of the aquifer, the vertical hydraulic conductivity of the aquitard and the specific storage are set to 2.3 × 10 -5 m/s, 2.3 × 10 -6 m/s, 2.3 × 10 -7 m/s and 1.5 × 10 -5 m −1 , respectively.
Test problem 4: Investigation of groundwater levels in a confined aquifer affected by the water storage in the inter-bed layer
The IWFM calculates the groundwater head changes due to subsidence in relation to the vertical compaction of inter-beds, which have poor permeability within a relatively permeable aquifer (CADWR 2015a). In this problem, we investigate the groundwater levels in a confined aquifer affected by the water storage in the inter-bed layer. A fully penetrating well is located in the centre of the simulation domain through which water is withdrawn and recharged in a cyclic manner. The only sources and sinks of water are the discharge or recharge through the single well and storage in the inter-bed layer and the aquifer. A schematic description of the test problem is depicted in Figure 3 . the well on the second day. This cycle is repeated five times during the 10-day simulation period.
The horizontal hydraulic conductivity, specific storage, specific yield and pre-consolidation head of the aquifer are set as 2.3 × 10 -5 m/s, 7.5 × 10 -6 m −1 , 0.075 and 550 m, respectively. Finally, the elastic and inelastic skeletal specific storages are taken as 5 × 10 -5 and 5 × 10 -3 m −1 , respectively.
Test problem 5: Stream-aquifer interaction in a gaining unconfined aquifer
In this test problem, stream-aquifer interaction in a gaining unconfined aquifer is investigated by comparing the IWFM results with those obtained by MODFLOW. The streamaquifer interaction in IWFM is simulated as a Cauchy boundary condition, similarly to MODFLOW (Harbaugh and McDonald 1996a) . A schematic description of the model domain is shown in Figure 4 Test problem 7: Prediction of water table position through time in an unconfined aquifer from which groundwater is flowing into a surface reservoir
We investigated unsteady water flow with a moving free surface across a large unconfined aquifer. A schematic description of the groundwater table near a surface reservoir is demonstrated in Figure 5 . The groundwater head at x = 0 is controlled by the reservoir which is located at x < 0. At time t = 0, the head is at H/2 and the head difference between the reservoir water surface and the groundwater table is H. The width, length and thickness of the single layer aquifer that are used in this test problem are 54 864 m, 60 960 m and 152.4 m, respectively. The model domain is discretized by Δx = Δy = 606.9. The reservoir level is assumed to be at the bottom of the aquifer, i.e. d = 0, and the head H is taken as 3.048 m. The head at x = 54 864 m is assumed to be 1.524 m (H/2 from datum) and no-flow boundary conditions are assumed at y = 60 960 m and y = 0. The horizontal hydraulic conductivity and specific yield are taken as 895.4 m/d and 0.255, respectively. The simulation is performed for 5000 days with time increments of 1 day. The aim in this problem is to predict water table position in the aquifer through time. An approximate method given by Haushild and Kruse (1962) and experimental data given by Keller and Robinson (1959) are compared with the results of IWFM.
Results and discussion

Test problem 1
For test problems 1a, 1b and 1c, steady-state groundwater heads along the x-direction computed by IWFM and by the analytical solutions presented in the Appendix are depicted in Figure 6 (a)-(c), respectively. Steady-state IWFM solutions are identical to analytical ones. Steady-state solutions of groundwater heads along the x-direction for initial groundwater heads of h 0 = 121.9 m and h 0 = 182.88 m, are plotted in Figure 6 (a). As expected, the initial groundwater head did not affect the steady-state solution.
Test problem 2 Figure 7 illustrates the drawdown vs time at the observation point 55 m away from the well that the test is plotted in, indicating that IWFM results fit well with the analytical solution (Theis 1935, Bedient and Huber 1992) for both quadrant and pie wedge domains. In Table 3 , for different grid resolutions in the radial direction, the normalized root mean square error (NRMSE) values for the quadrant domain with angular increment of Δθ = 22.5°and for the pie wedge domain with angular increment of Δθ = 2.8625°are given. NRMSE is defined as: 
where h a i are the analytical or experimental values and h s i are the simulated ones.
According to Table 3 , the NRMSE values are smaller for the pie wedge domain than for the quadrant domain, probably due to smaller cell sizes in the pie wedge domain. Moreover, NRMSE values for the quadrant domain do not converge to zero as the radial grid resolution (Δr) becomes finer for a fixed angular grid resolution. The same behaviour was also observed when grid resolution in the angular direction was refined systematically for a fixed grid resolution in the radial direction. The lack of fast convergence of NRMSE to zero when either angular grid or radial grid resolution is refined while the other is kept constant can be explained by the concept of grid cell aspect ratio. The latter is defined as the ratio of the length of the longest side of the cell to the length of its shortest side. The disadvantages of finite elements with high aspect ratios have been documented in Mittal (2000) . As shown in Table 3 , as the radial grid resolution is refined for the quadrant domain while angular resolution is kept constant, the aspect ratio of grid cells increases, thus adversely affecting the convergence of the IWFM results to the analytical solution.
To further clarify this point, we provide in Table 4 the NRMSE for the quadrant domain when grid resolution in both radial and angular directions is modified by keeping the aspect ratio of the grid cells constant. It is shown that almost quadratic convergence is achieved when grid resolution is halved in both directions while keeping the cell aspect ratio constant.
Test problem 3
For test problem 3, the drawdown values in a leaky aquifer vs time at 100 m away from the well for computational time steps of 100, 1000 and 10 000 s are tabulated in Table 5 . The IWFM results are compared against the approximate solution proposed by Hantush and Jacob (1955) . NRMSE values are calculated as 0.009, 0.011 and 0.037 for time steps of 100, 1000 and 10 000 s, respectively. As expected, employing finer time steps results in better predictions of drawdown.
Test problem 4
The IWFM results are compared with the results obtained by MODFLOW-96 (Harbaugh and McDonald 1996a, b) . The model grids are generated such that vertices of the IWFM finite element grid cells are located at the centres of the MODFLOW grid cells. The response of the groundwater head observed at 100 m away from the well to cyclic discharge and recharge as simulated by MODFLOW and IWFM are shown in Figure 8 . The groundwater heads estimated by IWFM match well with those estimated by MODFLOW. Figure 8 also depicts the interaction of inter-bed storage with the aquifer system. It can be observed that the groundwater head drop during pumping periods is less than the head increase during recharge periods.
Test problem 5
The IWFM results are compared with the results obtained by MODFLOW-96 (Harbaugh and McDonald 1996a, b) . Similar to test problem 4, the vertices of the IWFM grid cells are located at the centres of the MODFLOW grid cells to facilitate an easier comparison of the two model results. The total stream leakage and groundwater heads at the observation point, which is located in the middle of the stream reach (Fig. 4(a) ), considering three different stream bed hydraulic conductivity values (K = 0.03048, 0.3048, 3.048 m/d) are illustrated in Figure 9 (a) and (b), respectively. IWFM predictions of stream leakage and groundwater heads match the MODFLOW counterparts quite well for all of the three hydraulic conductivity values. The NRMSE values for groundwater heads at the observation point and leakage from the stream are tabulated in Table 6 . The maximum NRMSE values are 4.20 × 10 -4 for the groundwater head at the observation point and 6.89 × 10 -3 for the leakage. At the beginning of simulation, the stream leakage is highest for K = 3.048 m/d and lowest for K = 0.03048 m/d (Fig. 9(a) ). Stream leakage decreases exponentially when K = 3.048 m/d because, as the groundwater head increases due to stream leakage, the elevation difference between groundwater head and stream surface decreases exponentially (Fig. 9(b) ). For K = 0.3048 m/d, the groundwater and stream are hydraulically disconnected (i.e. groundwater head is below the stream bed elevation) until around t = 150 days, at which point groundwater heads have reached to the stream bottom ( Fig. 9(b) ). After this point, the stream leakage decreases as the groundwater heads increase further until equilibrium is reached. At the end of simulation, the stream leakage and groundwater level for K = 0.3048 and K = 3.048 m/d reach a constant value at which groundwater and stream are in equilibrium ( Fig. 9(a) ). In contrast, the stream leakage is the smallest for K = 0.03048 m/d and the groundwater heads is below the stream bed during the entire simulation period, leading to a constant stream leakage value. However, the constantly increasing groundwater head when K = 0.03048 m/d (Fig. 9(b) ) suggests that if the simulation period is extended, it is likely that both stream leakage and groundwater levels would reach an equilibrium even for this case.
Test problem 6
The groundwater heads at the observation point (in the middle of the stream reach) and the stream leakage through time due to the withdrawal and the recharge of water through four wells in a cyclic manner are plotted in Figure 10 (a) and (b), respectively. A negative leakage represents a gaining stream, whereas a positive leakage represents a losing stream. IWFM predictions of heads and leakage values are identical with the MODFLOW counterparts. For the 90-day period, both withdrawal and recharge rates at the wells are zero so initial head at the observation point is constant and stream leakage is zero. When pumping is turned on, the groundwater head at the observation point decreases and the stream leakage increases, as shown in Figure 10 (a) and (b), respectively, thus turning the stream into a losing stream. However, when the aquifer is recharged, the groundwater head at the observation point increases and the stream becomes a gaining stream, since the leakage becomes negative.
Test problem 7
Measurements of a drawdown curve in a laboratory flume filled with sand, which was obtained by Keller and Robinson (1959) , and the approximate solution given by Haushild and Kruse (1962) , referred to as solution IV, are compared with IWFM results. Solution IV is given by:
where:
Here ϕ is the error function given by:
where α = KD/V and t, K and V are the time, the horizontal hydraulic conductivity of the aquifer and the specific yield, respectively. In Figure 11 the dimensionless head h/H is plotted versus x= ffiffiffiffiffiffi ffi 4αt p , for t = 5000 d. The reservoir level is assumed to be at the bottom of the aquifer, i.e. d = 0, so that approximation of IWFM can also be compared with the experimental data by Haushild and Kruse (1962) . Solution IV by Haushild and Kruse (1962) over-predicts the experimental data by Keller and Robinson (1959) . Although the results obtained by IWFM are slightly larger than those of Haushild and Kruse, they are in overall acceptable agreement with the experimental ones.
Summary and conclusions
Very little formal verification and/or benchmarking of hydrological models that are capable of simulating integrated surface and subsurface flow has been performed. This study was an attempt to perform verification of the groundwater module of the IWFM through several benchmark test problems. This study also presented some of the potential usage and capabilities of the IWFM. The capability of the IWFM in simulating various hydrological processes under different boundary conditions was examined utilizing one-and twodimensional hypothetical test problems. The test problems cover a wide range of hydrological and boundary conditions.
In test problem 1, the steady-state groundwater heads computed by IWFM and by the analytical solutions were compared in an unconfined aquifer under various boundary conditions. In the next problem, IWFM simulations of temporal change of drawdown in a confined aquifer were compared with the Theis solution. Results for quadrant and pie wedge domains were also investigated. Moreover, different grid resolutions were formulated for each domain to explore the grid refinement effects, and grid-cell aspect ratio. It was shown that almost quadratic convergence was achieved when grid resolution was halved in both radial and angular directions while keeping the cell aspect ratio constant. On other hand, it was shown that grid refinement in one direction, which results in increasing grid aspect ratio, was not so successful. In test problem 3, IWFM simulations of the transient response of drawdown in a leaky aquifer due to a well with a constant discharge were compared against the approximate solution proposed by Hantush and Jacob (1955) . It was demonstrated that employing finer time steps results in better predictions of drawdown. In test problem 4, we investigated MODFLOW and IWFM simulations of the groundwater levels in a confined aquifer affected by the water storage in the inter-bed layer and a fully penetrating well through which water is withdrawn and recharged in a cyclic manner. In test problem 5, the stream-aquifer interaction in a gaining unconfined aquifer was investigated for various streambed hydraulic conductivities by comparing the IWFM and MODFLOW simulations of total stream leakage and groundwater heads at an observation point. Then, reaction of streamflow, as a gaining stream or a losing stream, to the withdrawal and the recharge of water through four fully penetrating wells in a cyclic manner was examined by comparing the IWFM and MODFLOW simulations.
Finally, in the last test problem, we investigated unsteady water flow with a moving free surface across a large unconfined aquifer from which groundwater is flowing into a surface reservoir. Here, an approximate solution (Haushild and Kruse 1962) and experimental data given by Keller and Robinson (1959) were compared with the results of IWFM. In all of the test problems, IWFM predictions performed quite well compared to the analytical solutions, field/laboratory observations, or results from MODFLOW runs when neither analytical solutions nor observed data were available. In conclusion, the groundwater module of IWFM could be a useful tool for engineers, modellers and researchers in water resources modelling and the management community. At the moment, IWFM is a strong candidate as a modelling tool in aiding California's water districts to comply with the recently passed Sustainable Groundwater Management Act (SGMA). In the future, the performance of the other components of the IWFM will also be investigated.
